High-orderly TiO 2 nanotube arrays were fabricated by anodic oxidation of pure titanium substrate in organic electrolyte containing fluoride. Different morphological nanotubes of titania were obtained through controlling the different anodization voltages and durations. The length of the longest nanotubes was approximately 60 µm and the length-to-width aspect ratio was about 600. The nanotube layers were then annealed at different temperatures (450, 550, and 650 • C) in air for 2 h. The samples were characterized by scanning electron microscopy, X-ray diffraction (XRD), energy dispersive X-Ray (EDS) and UV-Vis spectrometer. The XRD results demonstrated that the as-anodized samples were amorphous and the structure changed to antanse and rutile when the samples were annealed at higher temperature. The EDS microanalysis indicated the presence of carbon in the TiO 2 nanotubes. The result of degradation of methylene blue showed clearly that the photocatalytic activity of C-doped TiO 2 nanotubes increased by 10%.
I. INTRODUCTION
Titanium oxide nanotube is an important inorganic functional material and a new form of titanium dioxide nanostruture, which has aroused much attention for their excellent properties of photoelectricity, catalysis, gas sensitivity, and the potential applications in areas such as solar cell [1] , photocatalyst [2] , solar water splitting [3] , gas sensors [4] , and so on. TiO 2 nanotubes have larger specific surface area and better absorbability than other morphological TiO 2 nanomaterial. For a given pore diameter and wall thickness, the internal surface area increases almost linearly with nanotube length. As initially reported by Gong and co-workers in 2001 [5] , the first generation titania nanotube arrays fabricated by anodization using anaqueous HF-based electrolyte could grow to a length of about 500 nm [5, 6] . The nanotube array length was subsequently increased to about 7 µm by controlling the anodization electrolyte pH (higher values while remaining acidic) which reduced the chemical dissolution of TiO 2 during anodization [7] . While titania nanotube arrays fabricated by anodization using organic polar solutions containing fluoride could grow to much longer length and have high-aspect-ratio by anodic oxidization method in organic electrolytes.
TiO 2 nanotubes have received considerable attention in recent years, as they exhibit strong photocatalytic † Part of the special issue from "The 6th China International Conference on Nanoscience and Technology, Chengdu (2007)"
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properties, which can be useful for envionmental purifications and solar cell applications. However, the application of titania is limited by its wide bandgap (∼3.2 eV), which requires ultraviolet (UV) irradiation for photo-catalytic activation. Because UV light accounts for only a small fraction (8%) of the sun's energy compared to visible light (45%), any shift in the optical response of titania from the UV towards full spectrum light will have a positive impact on the photocatalytic and photoelectron-chemical utility of the material. Over the last decades, two approaches were investigated in order to make the material more responsive to the natural solar spectrum. One is to sensitize TiO 2 with a suitable dye to construct an efficient solar cell [8, 9] . The other is doping with impurities, e.g. transition metals or other elements, including C, N, F, P, and S. In recent years, researchers doped TiO 2 with nitrogen [10] , carbon [11] [12] [13] [14] , and sulfur [15] with the aim to modify its bandgap, then it can absorb the visible region of the solar spectrum. It was reported that the carbon modified (CM)-n-TiO 2 showed reduced bandgap energy [11] [12] [13] [14] and efficient water splitting [11] , and carbon doping also introduced an additional intragap band into the bandgap of TiO 2 [12, 14, 16, 17] , which can be utilized to absorb photons with energy even lower than the reduced TiO 2 bandgap. The nano-structured TiO 2 allows efficient light absorption and photogenerated carrier collection [18] . Shankar et al. investigated the effect of flame annealing on the spectral photoresponse of titania nanotubes and demonstrated the enhancement in the visible spectrum absorption and photocurrent due to flame annealing [19] . In addition, another factor that strongly influences the efficiency of solar light conversion is the surface area.
In this work, the highly ordered tubular layers were DOI:10.1088/1674-0068/20/06/753-758prepared in organic electrolyte containing fluoride, subsequently annealed at high temperature in air to incorporate carbon into them. Significant enhancement of the photocatalysis of C-doped TiO 2 nanotubes was observed in the experiment.
II. EXPERIMENTS
The titanium foil was purchased from Beijing, the thickness was 0.2 mm and its purity was 99.99%. The other chemical reagents purchased from Chongqing Chemical Reagent Factory were of analytical grade. Deionized water was used to prepare solutions.
Electrochemical experiments were carried out at room temperature using a potentiostat QJ6005S. Scanning electron microscope (TESCAN VEGA II LMU) was used to characterize the structure and morphology of the porous titanium oxide. The crystal structure of the samples was identified using an X-ray diffractometer (Shimadzu ZD-3AX).The scans were made in the range from 20
• to 80
• (2θ) operating at a voltage of 40 kV and a current of 40 mA. The energy dispersive X-Ray (EDS) spectrometer fitted to the scanning electron microscope was used for surface elemental analysis of the samples. The as-anodized nanotubes were annealed using electric box resistence furnace (SX2-2.5-10A) and the photocatalytic activity of titania nanotubes was tested by UV-VIS spectrometer (Lambda 850) supplied by PerkinELmer.
Prior to experiments, the titanium foils were firstly smoothed and cleaned using sandpaper, then the foils were ultrasonically cleaned in hydrochloric acid and acetone solutions, afterwards rinsed with deionized water and finally dried in a nitrogen stream.
The anodization was conducted in a two electrode electrochemical cell with a platinum foil as cathode and titanium foil as anode at a constant potential with a dc power supply. All anodization experiments were carried out at room temperature with no stirring. The anodizing process was holding the electrodes at the desired potential for various durations in ethylene glycol (99.8% anhydrous)+0.25%NH 4 F electrolytes. The anodization treatment consisted of a potential ramp from the open circuit potential to 60 V, followed by holding 60 V constant for 5 h. Samples were rinsed with deionized water and dried in a nitrogen stream.
Scanning electron microscopy (SEM) was employed for the structural and morphological characterization of the porous titanium oxide. In order to gain information on thickness of the porous layer, direct SEM crosssectional thickness measurements were carried out on mechanically bent samples, while bending the porous layer cracked into many parts and in some cases a partial lift-off of the porous layer occurred. In this way the bottom-view images of the porous layer pieces were obtained.
Then the as-anodized nanotubes annealed in air at 550
• C for 2 h and EDS analysis indicated that the presence of carbon in the TiO 2 nanotubues. It is evident that the C-doped TiO 2 nanotubes were obtained. In an effort to obtain undoped reference samples, prior to anneal in air, some samples were ultrasonically cleaned in deionized water and acetone solutions to remove the surface contamination. The asanodized samples were annealed at different temperatures (450, 550, and 650
• C) for 2 h in air to research the effect of anneal temperature on the morphology and crystal transformation of the titania nanotube arrays. The photocatalytic activity of TiO 2 nanotubes experiment was carried out in the following conditions. The TiO 2 nanotubes (1 cm 2 ) were placed in methylene blue (4 µmol/L, 20 mL) under UV illumination from a 160 W mercury lamp, the absorbance of the methylene blue was tested by UV-Vis spectrometer. Finally, the degradation rate of methylene blue was calculated by the formula (A 0 −A)/A 0 ×100%. In the formula, A 0 represents initial absorbance intensity of the methylene blue, A represents the final intensity of absorbance of the methylene blue. 
III. RESULTS AND DISCUSSION
Ethylene glycol (99.8% anhydrous) and 0.25%NH 4 F (98% ACS reagent) solutions containing deionized water as anodization electrolyte was used in this experiment. Figure 1 shows that SEM images of self-organized porous titanium oxide formed at 60 V for 5 h in organic solution. From the images, it is evident that the self-organized regular porous structure consists of pore arrays with a uniform pore diameter of approximately 100 nm. It is also clear that pore mouths are open on the top of the layer while are closed on the bottom of the tubes. The as-anodized nanotubes have a length of approximately 60 µm, with a length-to-width aspect ratio of ≈600 (length of 60 µm, average tube outer diameter of 100 nm). In comparison to organic electrolytes, the TiO 2 nanotube arrays fabricated in inorganic solutions (0.1 mol/L KF and 1 mol/L KHSO 4 solutions ) at 20 V for 20 h was 2.0 µm,with aspect ratio of ≈18 (length of 2.0 µm, average tube outer diameter of 110 nm). It was reported that the nanotube structure was lost at anodizing voltages greater than 23 V in inorganic solutions, with a sponge-like randomly porous structure being realized [20] . The SEM images of the nanotube arrays in inorganic solutions are shown in Fig.2 .
The experiment demonstrated that high-aspect-ratio titania nanotube arrays could be synthesized in organic solutions. The key processes are: (i) Oxide growth at the surface of the metal occurs due to interaction of the metal with O 2− or OH − [21] . After the formation of initial oxide layer, these anions migrate through the oxide layer reaching the metal/oxide interface where they react with the metal. (ii) Metal ion (Ti 4+ ) migration from the metal at the metal/oxide interface. Ti 4+ will be ejected from the metal/oxide interface under application of an electric field that move towards the oxide/electrolyte interface. (iii) Field assisted dissolution of the oxide at the oxide/electrolyte interface [21, 22] . Due to the applied electric field, the Ti−O bond undergoes polarization and is weakened promoting dissolution of the metal cations. Ti 4+ cations dissolve into the electrolyte, and the free O 2− anions migrate towards the metal/oxide interface to interact with the metal [23, 24] . (iv) Chemical dissolution of the metal or oxide by the acidic electrolyte also takes place during anodization. Chemical dissolution of titania in the HF electrolyte plays a key role in the formation of nanotubes rather than a nanoporous structure.
In organic solutions, the limited chemical dissolution of titania by the hydrofluoric acid contribute to the increased nanotube arrays length [25] . The formation of nanotube arrays in aqueous electrolyte containing fluoride is described by localized dissolution model, and the reaction process is as following:
The localized chemical dissolution of the oxide by fluoride ions lead to the formation of the pore (reaction 3). It is shown in reaction (3) that a higher field at the bottom of the pore which drives further oxidation and field assisted dissolution where Ti ions come out of the metal and dissolve in solution are needed. The metallic region between the pores also undergoes a similar transition leading to the formation of the tube. The tube length is determined by the chemical dissolution of the oxide at the pore mouth by F − under a given rate of pore formation. In order to control this dissolution reaction, the concentration of H + must be reduced by limiting the water content to the level of water contained in HF solution [25] . This water ensures the field that assisted etching of the Ti foil at the pore bottom. In addition, the activity of H + is reduced, because ethylene glycol can accept a proton from HF. Therefore, the ethylene glycol nanotubes can grow deep into the titanium foil without any significant loss from the pore mouth. The presence of ethylene glycol modifies the space charge region in the pores, thereby avoiding the lateral etching as well, leading to the steady growth of the pore and low chemical etching of the walls.
The surface morphology of nanotube arrays prepared using an anodization potential of 60 V and annealed at 500
• C for 2 h in air is shown in Fig.3 . From the image, it can be seen that the nanotubular layer kept its structural integrity after annealed at 500
• C in air for 2 h without any significant morphological change, while the crystal structures were changed. Figure 4 shows that glancing angle X-ray diffraction • C, (c) TiO2 nanotube after annealing at 550
• C, (d) TiO2 nanotube after annealing at 600 • C. A, R, and T refer to antase, rutile, and titanium, respectively.
(GAXRD) patterns of the nanotube array samples annealed at temperatures ranging from 450
• C to 650 • C in air for 2 h. From the XRD patterns, it is evident that the as-anodized titania nanotubes are amorphous (only reflections from titanium support can be seen) and crystallized by a high-temperature anneal. The structure evidently consists in all cases of anatase phase with various amounts of rutile phase. The annealed temperatures have impact on the crystalline and particle size. The average crystal size estimated by the Scherrer equation is up to ranging from 20 nm to 35 nm. With the annealed temperature increase, crystal structure of the TiO 2 nanotube gradually change from anatase to rutile. And the size of TiO 2 nanotubes will be increased gradually too. The results agree with the work reporter in Ref. [26] . Figure 5 shows that the rate of degradation of methylene blue with the function of time using TiO 2 nanotubes, which annealed at different temperatures (450, 
550, and 650
• C). We get the best photocatalytic activity of TiO 2 nanotubes that the as-anodized nanotube arrays annealed at 550
• C with the ratio of anatase and rutile 8:2. It was reported that the TiO 2 nanotubes annealed at 600
• C shows a value of E g ∼3.12 eV [27, 28] . According to XRD pattern of this sample, the decrease of E g could be explained by increased amount of rutile (E g ∼3.0 eV) in a mixture with anatase.
In order to improve the photocatalytic activity of the TiO 2 nanotubes in our experiment, we achieved a way to lower the bandgap of TiO 2 nanotubes with carbon doping. EDS elemental analysis of the as-anodized nanotubes annealed in air for 2 h indicates that the presence of carbon in the TiO 2 nanotubues. Figure 6 shows the EDS spectra of the composition of the sample. Table I summarized an average value of all elements in atomic and weight percentage. It is evident that content of carbon in TiO 2 nanotubes was 0.17%. The EDS spectrum of undoped TiO 2 nanotubes is shown in Fig.6(b) . By comparison, it can be seen that the carbon doped TiO 2 nanotubes have been obtained successfully. Figure 7 shows the photocatalytic activity of the TiO 2 nanotubes under UV illumination from a 160 W mercury lamp. Compared with the undoped TiO 2 nanotubes, we found that the degradation rate of methylene blue increased by 10%. It demonstrated that carbon doping is responsible for the enhancement of photocatalysis of the n-TiO 2 nanotubes.
The effect of degradation of methylene blue with carbon doping can be explained on the basis of bandgap lowing of n-TiO 2 upon carbon doping. Even though it is established that bandgap modification alone does not result in increased photo-activity [29] . Recently, Yu et al. reported the enhanced photo-catalytic activity of mesoporous TiO 2 -carbon nanotube composite by investigating the degradation of acetone [30] . In addition to the increased surface area by TiO 2 -carbon nanotube, suppression of the recombination of electro-hole pairs by TiO 2 -carbon nanotube was attributed to the increased photo-activity. It was reported that [31] the bandgap of n-TiO 2 was reduced to 2.84 eV and an additional intragap band was added to the gap 1.30 eV above the valence band due to carbon doping. The bandgap reduction and a new intragap band formation by carbon doping were also demonstrated by theoretical studies [32, 33] and experimental findings [34] of carbon modified CM-n-TiO 2 . In addition to the reduced bandgap and intragap band formation which contribute to the enhancement of the photoresponse of CM-n-TiO 2 nanotube films, the increased lifetime of photogenerated carriers also increases the quantum efficiency of the materials in the UV region. As the bandgap being reduced, the photogenerated electrons and holes will have extra energy with respect to the conduction band edge and valence band edge, respectively, and thus the holes will have more chance to reach the interface to oxidize water than to recombine. 
IV. CONCLUSION
In this work, we successfully prepared highly-ordered TiO 2 nanotubue arrays up to 60 µm in length by anodization of titanium foil samples in polar organic electrolytes. XRD investigations demonstrated that the asanodized titania nanotubes were amorphous, and crystallized by a high-temperature annealing. Such a heat treatment changed neither the pore morphology nor the thickness of the layers. Furthermore, we successfully obtained C-doped nanotube arrays, the elemental analysis using EDS indicated the presence of carbon in the TiO 2 nanotubues. Initial characterization of the C-doped nanotube arrays was carried out by the degradation of methylene blue under UV illumination. Compared with the undoped TiO 2 nanotubues, the photocatalytic activity of C-doped TiO 2 nanotubues increased by 10%. 
